ABSTRACT
INTRODUCTION
In the brief period since its inception (8, 20) , the polymerase chain reaction (PCR) has become a widely used research technique. PCR has facilitated molecular analysis in many different fields of biological research including the diagnosis and characterization of human genetic disease, infectious disease and neoplasia (26, 30, 31) , as well as the study of somatic mutations, evolution and forensic science (14, 21, 27) . New applications for this powerful technology will undoubtedly continue to be found.
Because of complex interactions among the components of PCR and the wide variety of its application, it is very unlikely that one set of amplification conditions would be optimal for all situations (12, 29) . Thus, each application of the technique requires optimization, which frequently can be complex (as in the case of multiplex PCR) and timeconsuming. Here we suggest the use of experimental design techniques to achieve faster, easier and more cost-effective PCR optimization.
The experimental design technique was first described by Sir Ronald Fisher in 1920 (9) in an agricultural application. Later, Plackett and Burman (24) contributed to its development with the introduction of screening designs, and, in 1949, Taguchi incorporated the orthogonal matrix. Currently there are large numbers of experimental design techniques in use including complete factorial designs, 2 k factorial designs, 2 k fractional factorial designs, central composite, latin squares, grecolatin squares, Plackett-Burmann designs, Taguchi designs, mixtures, etc. (2) . The wide variety of available techniques enables an investigator to choose the ones that are most appropriate in solving a specific problem. Many of these techniques have been used successfully in the development of paints (23), surfactants (16, 22) , cosmetics (4) and adhesives (19) , and in the application of organic syntheses (7), enzymology (3), clinical chemistry (15, 25) and protein chemistry (5, 28) . More recently, application has also been found in molecular biology, where the Taguchi methods were used in optimizing PCR (6) .
Statistically designed experiments can be applied both during an initial screening or the developmental stage, or ultimately in experimental optimization. Provided the most appropriate experimental designs are chosen, an investigator is able to obtain information about the behavior of the system, to evaluate experimental error and to distinguish between correlation and causality with a minimum number of assays and minimal cost.
In this report we describe the application of two experimental design techniques (2 k fractional factorial design and central composite design) to optimize PCR conditions for studying the most common mutation of the GALT gene, which encodes the enzyme galactose-1-phosphate uridyl transferase (GPUT) (E.C. 2.7.7.12). This mutation, Q188R, results in a substitution of arginine for glutamine at amino acid position 188 of the GPUT enzyme and, in the homozygous state, results in classical galactosaemia, an inborn error of carbohydrate metabolism. This is the most common disease-causing mutation in North America and accounts for over 60% of galactosaemia alleles (17) .
MATERIALS AND METHODS

Source of Template DNA
Human genomic DNA was obtained from dried blood spots (2× 2 mm) according to two methods: A) fixation with methanol, evaporation, addition of distilled water (61 µ L), boiling (15 min) and centrifugation (13) ; and B) soaking in 25 µ L of 1 ×PCR buffer from Life Technologies (Gaithersburg, MD, USA) and boiling for 15 min. After cooling the sample on ice, 25 µ L of 1 × PCR buffer were added and the sample was centrifuged at 10 000 × g for 15 min. The supernatant (containing the DNA) was then collected.
Chemicals
The mononucleotides dATP, dCTP, dGTP, and dTTP and primers for amplification were from Pharmacia Biotech (Piscataway, NJ, USA). Taq DNA polymerase was from Life Technologies. Agarose was from Sigma Chemical (St. Louis, MO, USA). Molecular biology grade chemicals and sterilized Milli-Q ® Plus water (Millipore, Molsheim, France) were used.
PCR
PCR was performed in a thermal cycler (PTC-100 ™; MJ Research, Watertown, MA, USA). Primers for the Q188R mutation of the galactose-1-phosphate uridyl transferase gene were as follows: LH: 5 ′ -ACC CCT GGT CGG ATG TAA CG 3 ′ and RH: 5 ′ -TCC CTG AGT AGC TCC TGG CG 3 ′ . These provided a product of 607 bases. Hot start was performed (5 min/94°C), and after the TaqDNA polymerase was added to the reaction tubes, thirty cycles of amplification were carried out with the following thermal profile: 1 min/94°C, 2 min/65°C and 1 min/72°C. Total volume of the PCR reaction was 100 µ L. Reagent concentrations were as follows: 0.8 mM dNTPs, 0.25 mM primers and 2.5 U TaqDNA polymerase (standard conditions). The remaining conditions were tested as outlined in this paper. PCR products (10 µ L) were visualized in 1% agarose gel electrophoresis stained with ethidium bromide. Restriction enzyme digestion with Hpa II cuts the product at an internal control cutting site into two fragments of 559 and 48 bases. The smaller fragment is not usually visible on agarose gel electrophoresis. The Q188R mutation creates a second Hpa II cutting site, thereby cutting the fragment of 559 bases into two fragments of 285 and 274 bases. Thus, an individual heterozygous for the Q188R mutation would have fragments of 559, 285 and 274 bases.
EXPERIMENTAL DESIGN
In designing a series of experiments to investigate the influence of several factors on a variable response, there are essentially two kinds of experimental approach. The more traditional method is the so-called "one factor each time" approach in which a single experiment is designed and only one factor is tested in each trial. The remaining factors are fixed and changed in successive experiments. A more effective and efficient approach is the experimental design strategy, which modifies several factors each time.
With experimental design it is possible to detect the interaction among various parameters. Even though the number of variables is high, a model predicting the responses of the individual factors can be obtained with a limited number of experiments. Because several statistical models of experimental design are available, it is essential that the most appropriate one be chosen. This would depend upon the objectives of the experiment, the types and numbers of factors, the number of runs needed and the statistical properties to be determine (18) .
Factorial designs are used to determine the influence of several factors (variables, parameters) on several responses at different levels. In the complete factorial design, all of the possible combinations of factors and levels are carried out. When a plan of experiments is designed with k factors and n levels for each factor, there are n k experiments to perform. When the number of levels of each factor is two, then it is called a 2 k factorial design. Thus, 2 3 means that there are three factors at two levels to study. Both designs (complete and 2 k factorial) enable the determination of the main effects and the interactions among factors, but the former implies that a larger number of trials is needed to meet the objectives.
In the initial screening phase of setting up an experiment, the fractional factorial design is most useful for determining the most significant factors that influence the system. This consists of a fraction of the 2 k factorial design in which there are only a limited number of combinations of factor levels. The combinations are selected to obtain the maximum information about the system with a limited number of trials. There will be some loss of information about the system (2), and interactions among the various components of the system will not be obtained. Nevertheless, this approach can be used in the first step of research development and can be followed subsequently with other designs that provide more complete information about individual factors. In this paper we have used the fractional factorial design techniques in the first stage of PCR optimization. Central composite design is used in the final stage of optimization to obtain the equation that best describes the behavior of the system inside the limits of the region studied (response surface). It is possible to obtain an equation composed of the main effects of the system, interactions of the factors and square effects. This design is built from a 2 k factorial design and also includes some points on the axes and at the intersection of the axes (see Figure 1) .
In order to optimize the concentration of magnesium chloride and the quantity of DNA for the PCR to screen samples for the Q188R mutation, we chose the central composite design (2) . All data analyses were performed using Statgraphics 5.0 software (Graphic Software System, Rockville, MD, USA). Table 1 summarizes the characteristics of the aforementioned experimental design systems.
RESULTS AND DISCUSSION
PCR Yield: Factors Screening Using 2 k Fractional Factorial Design (FFD)
The system under investigation is the amplification of a region of the Vol. 21, No. 1 (1996) GALT gene by PCR in order to characterize the common mutation (Q188R). This mutation results, in the homozygous state, in classical galactosaemia (11) through a loss in activity of the enzyme GPUT. FFD was applied to determine which factors within two procedures, DNA extraction and PCR conditions, influenced the PCR yield. Five variables were assayed and included the following: 1) the importance of autoclaving the blood spots prior to DNA extraction in order to inactivate DNases; 2) the method of extraction of human genomic DNA from dried blood spots; 3) the number of blood spots (2 × 2 mm) in each DNA extraction tube; 4) the volume of template DNA used in the PCR; and 5) Mg 2+ concentration. The number of cycles and the length and temperature of each cycle were fixed. All factors were studied at two levels ( Table 2) .
If a full factorial experiment were to be undertaken (5 factors at 2 levels), 32 trials would be required. In order to determine the main effects of the five factors, a quarter-fraction of the full factorial design should be sufficient to determine the most important factors that would optimize the PCR yield. Thus, the fractional factorial design 2 , which requires only 8 experiments, was selected. A summary of the experiments is given in Table 3a .
We evaluated the intensity of the electrophoretic bands obtained from the 8 experiments and scored a value ranging from 0 to 10. The effect of each factor is estimated by taking the sum of the experimental result for all experiments, with its appropriate sign, and dividing the total by 4. The same result can be obtained by subtracting the average experimental value of the 4 (-) trials from that of the 4 (+) trials. The values of the effects are given in Table 3b . For example, the effect of autoclaving the blood spots before PCR on the subsequent amplification is calculated in the following way:
Average of Average of Autoclave Autoclave Level (+) Level (-) Autoclave Effect = 0+2+4+0 -8+2+3+8 = -3.75 4 4 It can be concluded from Table 3b that the number of blood spots and the DNA extraction method have little effect on PCR yield, whereas the other three factors (1, 4 and 5) have a major influence. Of these, autoclaving has a considerable effect inreducing the PCR yield; whereas, both increasing the concentration of magnesium from 2 to 4 mM and increasing the quantity of template DNA applied have beneficial effects. Thus, the blood spots were not autoclaved before use, five blood spots were used in the PCR and method B (see Materials and Methods) was chosen for extraction.
Mg 2+ and Quantity of Template DNA Optimization: Central Composite Design (CCD)
CCD was used to optimize the two continuous variables that have the greatest positive impact on amplification yield in PCR: Mg 2+ concentration and volume of template DNA.
Central composite designs are response surface designs. These are used to characterize a response that is approximated by a polynomial (usually low order) of quantitative factors (1) . When a region in the factor space is found where the response is highest, response surface designs can outline an experiment that maps the response over that region. sponse surface for two quantitative factors, is a factorial design 2 2 with additional experimental points on the axes and at the point of intersection of the axes of the design (composite designs). This design is illustrated in Figure 1A .
The response was evaluated according to the intensity of the bands when the PCR products were separated by electrophoresis in a 1% agarose gel. The intensity of the bands was determined by using a Shimadzu CS9000 densitometer (Columbia, MD, USA). The experimental matrix, as applied to this investigation, and the results are shown in Figure 1B and Table 4 . By means of least squares fitting, the equation can be calculated as follows, which describes the behavior of the system in the region studied: where A is the volume of template DNA and B is the Mg 2+ concentration. The contour plot of this equation (Figure 2 ) allows localization of the optimal working zone which will enable the best amplification for the DNA fragment studied. Thus, the Mg 2+ concentration must be between 2.2 and 2.4 mM, and the optimum volume of template DNA must be approximately 50µ L.
After optimization of the PCR system, an experiment was performed in which the volume of template DNA was increased to 71.5 µ L in a total volume of 100 µ L. The above equation would predict a reduction in the yield of amplified product since the coefficient for A 2 is negative. Such a reduction in yield was observed (results not shown) and is compatible with reports of others (10) .
We have illustrated in this paper that discrete, as well as continuous, variables affecting PCR performance can be conveniently evaluated by using the technique of experimental design. Figure 3 shows the results obtained in agarose gel electrophoresis using standard and optimized PCR conditions. Experimental design can also be a valuable tool for optimizing other PCR processes, such as multiplex PCR, random amplified polymorphic DNA (RAPD)-PCR, long PCR and for developing new PCR applications.
